Normal cartilage contains at least seven major G1 domain (the N-terminal globular domain of aggrecan)-bearing species, of which three (full-length core, G1-NITEGE$($ and G1-VDIPEN$%") have been identified. The C-terminals of the others are unknown but digestion of fetal human aggrecan with MMP-3 and crude aggrecanase suggests that they are products of MMP-like activity in i o. Normal synovial fluids contain at least 10 species, of which nine result from ADAMTSdependent cleavage, and this cleavage occurs at all of the five known aggrecanase sites. Aggrecan fragments in the cartilage and synovial fluids of acutely injured joints are generally similar
INTRODUCTION
The core-protein heterogeneity of aggrecan in human articular cartilages has been investigated using a range of methods, including amino acid analysis [1] , protein sequencing [2, 3] , aspartate racemization [4] , electron microscopy [5] , buoyantdensity centrifugation [6] , composite gel electrophoresis [7] , sizeexclusion chromatography [8] , immunoreactivity [9] and Western blotting [10] [11] [12] . Taken together, these studies have suggested that heterogeneity can be most readily explained by the presence of some intact full-length aggrecan together with a series of products generated by varying degrees of proteolytic truncation from the C-terminal end of the core protein. These truncations result in the formation of distinct and electrophoretically separable species of aggrecan core, all of which lack the G3 globular domain (the C-terminal globular domain of aggrecan) and appear to be retained in the tissue through the hyaluronan-binding properties of the G1 domain (the N-terminal globular domain of aggrecan).
While the presence of many of these species in aggrecancontaining tissues has been known for many years, their exact proteolytic origin remains unsolved. In this regard, recent studies of these natural products by protein sequencing and neoepitope Abbreviations used : ADAMTS, a disintegrin-like and metalloprotease (reprolysin-type) with thrombospondin type 1 motif ; MMP, matrix metalloproteinase ; G1 domain, the N-terminal globular domain of aggrecan ; G2 domain, the second N-terminal globular domain of aggrecan ; G3 domain, the C-terminal globular domain of aggrecan ; KS, keratan sulphate ; CS, chondroitin sulphate ; OA, osteoarthritis ; AEBSF, 4-(2-aminoethyl)benzenesulphonyl fluoride ; GAG, glycosaminoglycan ; DE52, diaminoethylcellulose anion exchanger ; ACL, anterior cruciate ligament. 1 To whom correspondence should be addressed (e-mail jsandy!shctampa.usf.edu).
to normal, but all contain a markedly increased ratio of G1-NITEGE to G1-VDIPEN. Aggrecan from the cartilage of latestage osteoarthritis patients is remarkably similar to normal, whereas the synovial fluid aggrecan is more fragmented than that from normal or injured knees. The analyses suggest that the role of the ADAMTS and these MMP-like activities in human cartilage are distinctly different. Excessive ADAMTS activity in i o is destructive to cartilage matrix, since the bulk of the glycosaminoglycan (GAG)-bearing products are released from the tissue into the synovial fluid following cleavage of the Glu$($-Ala$(% bond. In contrast, the MMP-like activity appears to be essentially non-destructive, since much of the GAG-bearing product is retained in the tissue following cleavages that are in the more C-terminal regions of the molecule.
Key words : glycosaminoglycan, osteoarthritis, proteinase.
antisera [2, [12] [13] [14] [15] have shown that some of the quantitatively minor species are generated by the action of metalloproteinases of the matrix metalloproteinase (MMP) and ADAMTS [which stands for ' a disintegrin-like and metalloprotease (reprolysintype) with thrombospondin type 1 motif '] families. However, the precise C-termini and the identity of the processing protease(s) for the bulk of the aggrecan are unclear at present. Despite the lack of precise structural data there is a general consensus regarding the approximate C-terminal location of the major species in mammalian cartilages. First, maybe 30-50 % of the total aggrecan core protein, measured as moles of G1 domain, is present as the full-length species (residues 1-2396 in the human) which migrates at an estimated 350 kDa on SDS\PAGE [7] . A second major form is the so-called keratan sulphate (KS)-rich aggrecan [16] , which migrates at about 250 kDa on SDS\ PAGE and which has been suggested to terminate [3] in the region near the border of the chondroitin sulphate (CS)-1 and CS-2 domains. A third major form is the so-called ' doubleglobe ' aggrecan [11, 17] , which migrates at about 160 kDa on SDS\PAGE, is composed of the G1 and G2 (the second Nterminal globular domain of aggrecan) domains only and appears to terminate between the G2 and KS-rich domains. A fourth major form is a group of molecules that migrate at about 100 kDa on SDS\PAGE and terminate within the C-terminal region of the interglobular domain (IGD) and which may be the products of metalloproteinase cleavage in this region [18] . The lowest-molecular-mass group migrates at about 55-65 kDa on SDS\PAGE and is composed of G1 domains with the known Ctermini, G1-NITEGE$($ [12, 19] and G1-VDIPEN$%" [2] .
Quantitatively important information on the turnover of aggrecan in human joints can be obtained by analysis of synovial fluids. Thus it can be estimated that the fluid present in a normal knee joint at any one time probably accounts for about 0.1 % of the total aggrecan present in all the joint tissues. If, by extrapolation from rabbit studies, the half-life of the human synovial fluid aggrecan is 8 h [20] , then a significant amount (perhaps 5 % of the total) would pass through the fluid compartment in a month. This value is probably considerably higher in joints following injury or in progressive osteoarthritis (OA). We previously analysed the fragments in normal and diseased human synovial fluids by N-terminal sequencing of species isolated by CsCl gradient separation and gel-permeation chromatography [21, 22] . This showed that the major high-buoyant-density fragments were generated by cleavage of tissue aggrecan at the Glu$($-Ala$(% site, which is now known to be due to the action of one or more of the aggrecanases, ADAMTS-1, -4 and -5 [23] [24] [25] [26] . However, since these analyses were done on the high-buoyantdensity fragments alone and did not include an analysis of G1 domain fragments and other low-buoyant-density species [27, 28] , the earlier studies were incomplete. Indeed, it has been shown [28] that a proportion of the low-buoyant-density species in human synovial fluids is generated by cleavage by MMP-like activity at the Asn$%"-Phe$%# site. To address this issue and to provide further information on the proteolytic origin of the species present in human articular cartilages and synovial fluids, we have now analysed aggrecan fragments from cartilage and fluids which have been prepared by an ion-exchange method that isolates both high-and low-buoyant-density species in high yield.
EXPERIMENTAL Materials
The ECL detection system was from Amersham (Arlington Heights, IL, U.S.A.) and was used according to the manufacturer's instructions. Goat anti-mouse IgG (peroxidaseconjugated) was from Sigma. Goat anti-rabbit IgG and goat anti-mouse IgM (peroxidase-conjugated) were from Boehringer. The production, source, characterization and use of the antisera has been described in the following papers : anti-NITEGE and anti-VDIPEN [29, 30] ; anti-TFKEEE, anti-APTAQE and anti-PTVSQE [12] ; anti-TASELE and anti-G3 (LEC-7) [31] . Affinitypurified antisera NITEGE and VDIPEN were gifts from Dr John Mort (Shriners Hospital for Children, Montreal, Canada), and anti-G2 antiserum and AF-28 were gifts from Dr Amanda Fosang (University of Melbourne, Parkville, Australia). Antiserum ARGSVI was raised in rabbits against the synthetic peptide ARGSVILTVK at Research Genetics (Huntsville, AL, U.S.A.) by the multi-antigen presentation (MAP) protocol. Antiserum LGQRPP (produced in rabbits by injection of the keyhole-limpet-haemocyanin-conjugated peptide CGGLG-QRPP) and human recombinant MMP-3 were from Merck (Rahway, NJ, U.S.A.). Antibody 3-B-3, chondroitinase ABC (protease-free), keratanase II and endo-β-galactosidase were from Seikagaku (Falmouth, MA, U.S.A.). Crude aggrecanase was prepared from the medium of cartilage explanted from the metacarpalphalangeal joints of 32-week-old pigs. Explants (about 25 mg wet weight\ml of medium) were maintained for 2 days in serum-free Dulbecco's modified Eagle's medium and then treated in this medium with human recombinant interleukin-1β (10 ng\ml). The medium collected over the next 4 days was concentrated 15-fold on Microcon 10 000 Da molecular-mass cut-off filtration units for use in digestions.
Proteinase digestion of aggrecan
Portions of fetal human aggrecan (final concentration 330 nM) were partially digested with recombinant human MMP-3 or 10 µl of crude aggrecanase (kindly provided by Dr Jennifer Westling, Shriners Hospital for Children, Tampa, FL, U.S.A.) for 24 h at 37 mC in 50 mM Tris\HCl, pH 8.5\10 mM CaCl # \100 mM NaCl. Digestion was terminated by addition of 10 mM EDTA, the aggrecan was deglycosylated, and portions (about 10 µg of glycosaminoglycan, GAG) were taken for Western-blot analysis.
Source and description of articular cartilages and synovial fluids
Normal and acute-injury human synovial fluids were a generous gift of Dr Stefan Lohmander (Lund University, Lund, Sweden). Undiluted fluid was aspirated from normal volunteers and from joint-injured patients : patient ages, type of injury and interval between injury and aspiration were as follows ; 38 
Isolation of aggrecan fragments from articular cartilages
The cartilage (typically 5-50 mg wet weight) was rinsed in cold PBS, chopped finely and extracted by rocking at 4 mC (15 µl of extractant per mg wet weight) for 48 h in 4 M guanidine hydrochloride\10 mM Mes\50 mM sodium acetate\5 mM EDTA\0.1 mM 4-(2-aminoethyl)benzenesulphonyl fluoride (AEBSF)\5 mM iodoacetic acid\0.3 M aminohexanoic acid\ 15 mM benzamidine\1 µg\ml pepstatin, pH 6.8. A clear extract was obtained after centrifugation to pellet the tissue (which was digested with papain) and the extract was desalted on Sephadex G-50 (4 ml bed volume) in 7 M urea\50 mM Tris\acetate, pH 8.0. The yield of GAG from the tissue was greater than 90 % in all samples. The GAG-rich void-volume fractions from Sephadex G-50 were combined and applied to a column (0.5 ml bed volume) of DE52 cellulose (diaminoethylcellulose anion exchanger) in 5 ml Poly-Prep columns equilibrated in 7 M urea\50 mM Tris\acetate, pH 8.0. After sample loading and collection of unbound material (flow-through), the column was eluted as follows : (i) 2 ml of 7 M urea\50 mM Tris\acetate, pH 8.0, which was added to the flow-through, and (ii) 1.5 ml of 0.8 M NaCl\7 M urea\50 mM Tris\acetate, pH 8.0. For some Figure 1 Schematic diagram of the aggrecan core species described in this study
The figure illustrates the structures of the human peptides described in this paper. Some peptides (1, 4-10, 12, 13, e) have been identified in this study by double immunoreactivity and migration behaviour on SDS/PAGE. Others (peptides 2 and 3) were not detected in extracts of human cartilages, but have been identified previously in rat chondrosarcoma [31] . Peptide 11 has not been identified in any extracts or in the products of ADAMTS digestions of aggrecan. Peptides a-d and f-i are only characterized by single immunoreactivity and migration behaviour, so that the likely site of the unknown C-or N-terminus is given by a residue range. The N-terminus of species i is in parentheses, because it has not been determined here but is suggested from previous work [25] . The scheme for ADAMTS-generated human aggrecan peptides used throughout this text (peptides 1-13) is identical with that described for the rat [31] . Residue numbering is for human aggrecan [43] and assumes that the natural N-terminus (residue 1) is Val 20 . Filled circle, G1 domain ; checked circle, G2 domain ; stippled circle, G3 domain.
samples, the column was eluted sequentially with 1.5 ml of buffer containing 0.1 M NaCl and 0.2 M NaCl before the 0.8 M NaCl elution. In these cases all salt-eluted fractions were combined for the analyses shown. The recovery in the 0.8 M NaCl eluate (or combined eluates) of guanidine-extracted GAG was always greater than 85 % if more than 100 µg of GAG was fractionated. High-buoyant-density human fetal and mature aggrecan (the D1 fraction, 1.5 g\ml) was also isolated by CsCl gradient centrifugation. Associative Sepharose CL-2B analysis has been described previously [32] .
Isolation of aggrecan fragments from synovial fluids
Human synovial fluid (typically 2.0 ml containing about 100 µg of GAG) was digested with 2 turbidity-reducing units of Streptomyces hyaluronidase by incubation at 60 mC for 3 h after addition of 0.4 ml of 0.5 M ammonium acetate\20 mM EDTA\0.5 mM AEBSF, pH 6.0. The digest was dried to remove the ammonium acetate, and taken up in about 2 ml of 7 M urea\50 mM Tris\acetate, pH 8.0, for DE52 chromatography as described in detail above. The yield of GAG from the DE52 column was greater than 90 % when 100 µg or more GAG was applied.
Deglycosylation and Western-blot analysis of fragments
The flow-through and NaCl eluates from DE52 chromatography were dialysed exhaustively against distilled water, and the retentates were dried and dissolved in 50 mM sodium acetate\50 mM Tris\10 mM EDTA, pH 7.6. Protease-free chondroitinase ABC (25 m-units\100 µg of GAG) was added, followed by incubation at 37 mC for 1-2 h. Samples were then adjusted to pH 6.0 with acetic acid, and 0.5 m-units (per 100 µg of GAG) of endo-β-galactosidase and 0.5 m-units (per 100 µg of GAG) of keratanase II were added followed by incubation at 37 mC for 2-4 h. Samples were then dried and dissolved in gel-loading buffer for SDS\ PAGE. Quantification and determination of the relative abundance of proteins by densitometric analysis of Western blots was done as described in [33] . CS was assayed by reactivity with dimethyl-Methylene Blue as described in [34] .
RESULTS
A schematic representation of the aggrecan core species described here Figure 1 provides a schematic diagram of all the aggrecan species described in the text and characterized on the basis of electro-
Figure 2 The major aggrecan core species present in normal human articular cartilages and synovial fluids
Aggrecan fragments were isolated in high yield from normal weight-bearing tibial cartilage and from normal human knee synovial fluids. Portions (about 10 µg of GAG) were deglycosylated and analysed by Western blotting with anti-G1 antiserum. The age (in years) of donors is shown. Also shown (left-hand lanes) is an analysis of fetal human aggrecan before and after digestion with aggrecanase and MMP-3. The species labelled a-e, 1 and 6 are shown in Figure 1 .
Figure 3 Identification of G1-KEEE 1714 and G1-SELE 1545 in normal mature human articular cartilages
High-buoyant-density mature human aggrecan (fraction D1) from the 29-year-old normal donor (shown in Figure 2 phoretic migration and Western-blot analysis (see details below). Those species identified by numbers (1-13) follow the numbering scheme developed in a recent paper [31] on the aggrecanasemediated degradation of aggrecan in a rat chondrosarcoma cell system. These represent full-length aggrecan (species 1) and both experimentally verified (species 2-10, 12 and 13) and hypothetical (species 11) products, which are generated by ADAMTS-dependent cleavage alone at one or more of the five known aggrecanase sites. On the other hand, the species identified by letters (a-i) have not been identified in terms of a specific Cterminal sequence (except for species e, which is G1-VDIPEN$%"), but have been characterized only on the basis of migration behaviour and immunoreactivity with one or two antisera.
The aggrecan core species present in normal human articular cartilages
The isolation protocol used in this work was developed to ensure that all human aggrecan core fragments (whether CS\KS-substituted, KS-substituted or non-GAG substituted) are recovered in high yield from the guanidine hydrochloride extracts. To check this, portions of MMP-3-digested or ADAMTS-4-digested fetal and mature human aggrecan were fractionated on Sephadex G-50 and DE52 (see the Experimental section) and the percentage recovery of all species was determined by GAG analysis and Western blotting with multiple antisera. This established that more than 85 % of all species were recovered in the 0.8 M NaCl eluate from DE52, the product that was used for all the Western-blot analyses shown here.
The profile of G1-bearing species in normal human knee articular cartilages from individuals aged 16-71 years was remarkably similar at all ages ( Figure 2 ). It consists of seven major products (1, a, b, c, d, 6 and e), although, as suggested previously [10] , core-protein heterogeneity within some of these populations is likely. More samples would need to be analysed to determine if the variation in relative abundance of the different bands exhibits significant age-related change. The seven bands (labelled on the left of Figure 2 ) migrated at about 350 kDa (fulllength aggrecan, species 1), 250 kDa (species a), 160 kDa (species b), 110 kDa (species c), 90 kDa (species d), 65 kDa (species 6, G1-NITEGE) and 50 kDa (species e, G1-VDIPEN). This supports previous data [11] that mature human articular cartilage contains as many as 12 separable G1-bearing aggrecan core species. In this regard it is clear that bands a and b are rather broad and the region of the gel between bands a and b contains a significant amount of heterogeneous immunoreactive material. It seems likely that with higher-resolution methods, this region of the gel (from about 300 kDa to 160 kDa) would resolve into multiple species.
Band 1 was identified as full-length aggrecan, since it was the only tissue species that also reacted with the anti-G3 antiserum (results not shown). The high-molecular-mass ( 150 kDa) core species described here as 1, a and b were heavily substituted with sulphated GAGs in cartilage, since they were also found in the D1 fraction ( 1.5 g\ml) on CsCl gradient centrifugation of guanidine hydrochloride extracts of human cartilages of all post-natal ages (see Figure 3 , see the left lane for example). The identification of species 6 (G1-NITEGE$($) and e (G1-VDIPEN$%") was made on the basis of their size and reactivity with their respective neoepitope antisera (results not shown), much as described previously for human cartilage extracts [12] . Since species a-d appeared to represent at least 50 % of the G1-aggrecan in human articular cartilages (Figure 2) we were interested to determine the precise C-termini for these species. Initially we examined the possibility that they might represent species such as 2-5 (see Figure 1) , which are the known products of ADAMTS-dependent cleavage of aggrecan at the four CS-attachment region sites [12] . For this purpose we probed blots of both DE52-purified and CsCl-gradient-purified human aggrecan with antisera specific to these C-terminal sequences and which have been shown to react with their cognate epitopes in rat chondrosarcoma extracts [31] . No reactivity was observed with anti-ISQE"*"* or anti-TAQ E")"* , suggesting that species 2 and 3 ( Figure 1 ) do not accumulate in human articular cartilages. On the other hand, both anti-SELE"&%& and anti-KEEE"("% detected high-molecular-mass immunoreactive species in these samples, suggesting the presence of species 4 and 5 ( Figure 1) . Surprisingly, however, the migration position of these species (see Figure 3) did not correspond to either of the major species labelled as a and b. Instead, the species that reacted with these two antisera consistently migrated in the region of the gel between the full-length species 1 and band a. In other studies involving higher loading of Western blots and Sepharose CL-2B chromatography (results not shown), we found that species 4 and 5 did, as expected, also react with the anti-G1 antiserum and form aggregates with hyaluronan. The apparent absence of G1 immunoreactivity in this region of the gel ( Figure  3) can be explained by the high sensitivity of the neoepitope antisera relative to the anti-G1 antiserum. In summary, the data show that mature human cartilage extracts contain detectable levels of aggrecan products generated by ADAMTS cleavage at Glu"("% and Glu"&%& ; however, together they represent a very minor proportion (apparently less than 2 %) of the C-terminally truncated aggrecan present. In a previous study (J. D. Sandy, R. A. Mumford, P. J. Roughley and M. W. Lark, unpublished work) we showed that these species are also present in these minor proportions in human cartilages from fetal, 2 month-, 1 year-, 5 year-and 15 year-old individuals.
While the structure of species a remains unknown, its migration behaviour (at about 250 kDa) suggests that it is considerably smaller than G1-SELE"&%&, and it therefore appears to represent the product of cleavage within the C-terminal region of the CS-1 domain at about residues 1200-1300 (see Figure 1) . The Cterminus of species b (Figures 2 and 3 ) is also unknown, but its migration behaviour at about 160 kDa, and its strong reactivity with an anti-G2 antiserum (result not shown), suggests that it is the naturally occurring form of the G1-G2 double-globe species [17] and that it therefore probably has a C-terminus at about residues 650-750, which is the region between the G2 domain and the KS-rich region (see Figure 1) . The C-termini of species c and d (Figure 2 ) are also unknown, but their migration behaviours and immunoreactivities are consistent with them being aggrecan G1 domains with distinct C-termini, which are within the interglobular domain between Ala$(% (the ADAMTS site) and the G2 domain, which initiates at Cys%)" (see Figure 1) .
While the C-termini of these naturally occurring species a-d (Figure 2) have not yet been identified, it is significant that species with the same migration behaviour can be generated on partial digestion of human fetal aggrecan (largely band 1) with MMP-3 ( Figure 2 , left-hand lanes). As expected, in the same digest a good yield of the expected MMP product, species e, was obtained. In contrast, digestion of human fetal aggrecan with a crude aggrecanase preparation (see the Experimental section) generated little or no product that co-migrated with the natural species a-e, but, as expected, a high yield of products with the migration behaviour of species 4-6. For these reasons, we will use the term ' MMP-like ' to describe the unknown proteinase(s) that generate species a-d in human cartilages.
The aggrecan core species present in normal human synovial fluids
The predominant G1-bearing aggrecan fragment present in normal synovial fluids from individuals ranging from 14 to 39 years ( Figure 2 ) was species 6 (G1-NITEGE), with smaller amounts of species b-e. The high abundance of G1-NITEGE was particularly marked in the 14-21 age group, where it represented more than 90 % of the immunoreactive material. There was a clear age-related change, with G1-VDIPEN$%" and species corresponding approximately in size to bands b-d being more abundant in the fluids from older individuals. While the precise nature of the species in the 100-250 kDa size range is unclear, the 65 kDa and 50 kDa species have previously been identified in fluids as G1-NITEGE and G1-VDIPEN respectively [12] . When the fluid samples shown in Figure 2 were analysed instead with the G3 antiserum, a different set of fragments (G1-negative and G3-positive) was detected in the fluids (Figure 4 ). Image overlay of the patterns obtained with the G1 and G3 antisera showed that, appropriately, only the full-length aggrecan (species 1) reacted with both. Up to seven G3-reactive species (labelled as 1, 10, 9, 8, 7, g and h in Figure 4 ) were detected in some samples (see Figure 1 for a schematic diagram of the species), and two of these (g and h) appeared as doublet bands. In keeping with the notation of G1-bearing species, the readily identifiable G3-bearing fragments have been given numbers (see [31] for more description), whereas the partially identified species (g and h) have been given letters. Species 8 and 9 together appear to represent the majority of the G3-bearing fragments present in most samples, and these are identified here as the ADAMTSgenerated peptides with N-termini at Ala")#! and Gly"("& respectively. This identification, while not definitive, is based on the finding [12, 31] that the equivalent fragments have been shown by N-terminal sequencing in rat chondrosarcoma aggrecan to represent the ADAMTS-generated fragments with N-terminals at Ala"&'% and Gly"%&* (rat residue numbers). This is also supported by a new finding ( Figure 5 ) that the human fragment 7 (a doublet) specifically reacted with a neoepitope antiserum (anti-LGQRPP) to the ADAMTS-generated N-terminus at Leu"*#! (see Figure 1) . Fragment 10 has not been unambiguously identified, but from the immunoreactivity and mobility of the peptide and by analogy with the rat aggrecan fragment analysis [31] , it almost certainly represents the ADAMTS-generated G3-bearing peptide 10, with an N-terminal at Gly"&%! (Figure 1) . A variably abundant and previously undescribed G3-bearing fragment (peptide g, a doublet) was also present in normal human fluids ( Figure 4) ; from the mobility of this peptide it appears to represent a fragment generated by cleavage, by an unknown proteinase, within the ' gap ' region (residues Ser#!'*-Val#"%() between the most C-terminal CS sub-
Figure 4 Further characterization of aggrecan fragments in normal human synovial fluids
Portions (10 µg of GAG) of the deglycosylated fragments from normal synovial fluids shown in Figure 2 were run for Western-blot analysis with the anti-G3 antiserum (lanes 1-6, from left to right) and antibody 3-B-3 (lanes 7 and 8). The age (in years) of donors is shown above each lane and the species labelling refers to the structures shown in Figure 1 . Antibody 3-B-3 detects an epitope closely related to the unsaturated disaccharide (∆-di6S) which is generated as a linkage region stub by chondroitinase ABC treatment of whole aggrecan [41] .
Figure 5 Aggrecan fragments in human synovial fluids : identification of peptide 7
High-buoyant-density (D1) aggrecan fragments were isolated by CsCl gradient centrifugation of synovial fluids collected from mature patients after knee joint trauma. Portions (10 µg of GAG) were deglycosylated and run for Western blotting with the anti-G3 (lanes 1 and 2, from the left) and anti-LGQRPP (lanes 3 and 4) antisera.
stitution site and the globular G3 domain (see Figure 1 ). Species h is likely to be derived from species g by further N-terminal proteolysis.
The samples from 17 and 33 year-olds were also run and probed with antibody 3-B-3 ( Figure 4 , right-hand lanes). This illustrates that peptides 1, 8, 9 and 10, as expected, appear to carry the 3-B-3 (j) epitope on the core protein after chondroitinase ABC digestion. Interestingly, peptides 7, g and h from the extreme C-terminal region of the molecule (see Figure  1 ) appeared to be poorly reactive with 3-B-3, suggesting that the epitope is not abundant in this region after chondroitinase ABC digestion. Also consistent with the structures and migration positions proposed for peptides 4, 5, 12 and 13 was the finding that this region of the gel was strongly 3-B-3 (j) positive and at the same time G3-negative ( Figure 4 , see all six anti-G3 lanes). These data do not, however, exclude the possibility that this region of the gel includes 3-B-3-positive bands other than peptides 4, 5, 12 and 13.
Since normal fluids contained abundant ADAMTS-generated G1-NITEGE and also ADAMTS-generated G3-domain fragments (peptides 8 and 9), it seemed likely that they would also contain core fragments from the central regions of the molecule ; indeed this was evident on Western-blot analysis of the same samples with anti-KEEE, anti-SELE and anti-ARGSV ( Figure  6 ). With anti-KEEE a single or double band of reactivity at about 300 kDa was typically seen, and this is consistent with the presence of peptides 4 and 12 ( Figure 1) . The KEEE-reactive species at about 70 kDa in the 33 year-old sample (species i) is probably the small intervening fragment generated by cleavage of peptide 4 to peptide 5 (see Figure 1) , a product which has been observed in ADAMTS-4 digests of aggrecan in solution [25] . With anti-SELE, a doublet migrating slightly faster than the KEEE-reactive doublet was observed, consistent with the presence of peptides 5 and 13. The presence of peptides 12 and 13 in some samples was confirmed by the appropriate-sized doublet of reactivity with the anti-ARGSV antiserum (33 and 39 year samples). The anti-ARGSV also showed ' false ' reactivity with full-length aggrecan in some samples (33 years), suggesting that under some conditions this antiserum can detect the peptide ARGSVILTVK in the intact molecule. Anti-ARGSV also detected an abundant and discrete product of about 100 kDa in 
Figure 7 Aggrecan in human femoral notch cartilage and knee synovial fluids following acute joint injury
Aggrecan fragments were isolated in high yield from normal and post-injury notch cartilage and from post-injury synovial fluids. Portions (10 µg of GAG) were deglycosylated and run for Westernblot analysis with anti-G1 antiserum. The age (in years) of donors is shown above each lane and the species labelling refers to the structures shown in Figure 1 . All patient descriptions are given in the Experimental section.
the 19 year normal sample and in several late-stage OA samples (results not shown). This species has not been further studied, but is represented schematically as fragment f in Figure 1 . The reactivity at about 70 kDa with anti-ARGSV in all samples ( Figure 6 ) appears to be non-specific, since it was also observed in blank lanes (results not shown).
Figure 8 Further characterization of the aggrecan fragments in human synovial fluids following acute joint injury
Portions (10 µg of GAG) of the deglycosylated fragments from the post-injury synovial fluids shown in Figure 7 were run for Western-blot analysis with anti-G3, anti-ARGS, anti-KEEE and anti-SELE. The age (in years) of donors is shown above each lane, and the species labelling refers to the structures shown in Figure 1 . All patient descriptions are given in the Experimental section.
In summary, the analysis of normal cartilage and fluids supports the view that while the tissue contains abundant aggrecan, which is C-terminally truncated by MMP-like activity, the aggrecanase(s) represent the major proteolytic activity responsible for the degradative processing of aggrecan, which leads to its release into the synovial fluid. Consistent with this conclusion was the finding that we could not detect species in these fluid samples with antibody AF-28, which reacts with the N-terminal sequence FFGVG generated by MMP activity [28] .
The aggrecan core species present in human cartilage and synovial fluids following knee joint injury
To examine aggrecan turnover in human joints in response to joint injury, we have analysed samples from two groups of mature patients (Figure 7 ). In the first group (Figure 7 , left-hand lanes), we analysed cartilage obtained from the low-weight-bearing margin of the intercondylar notch of the distal femur. Tissue was obtained from cadavers with no evidence of joint disease and from the identical site obtained at notchplasty during ACL reconstructive surgery. The aggrecan core species were isolated and the Western-blot analysis with anti-G1 for two typical samples from each group is shown. The analysis of normal notch cartilage gave data that were, as expected, very similar to results obtained with normal tibial cartilage samples from weightbearing areas (Figure 2) , with evidence for all seven of the core species described previously. However, the same analysis of notch cartilage from post-injury patients (8 and 11 weeks post ACL rupture) was distinctly different, with evidence for the depletion of bands a, d and particularly G1-VDIPEN (band e) with a concomitant increase in band b and particularly G1-NITEGE (band 6).
In the second group (Figure 7 , right-hand lanes) we analysed the fluid taken from joint-injured patients. In these patients (36-53 years) the G1-bearing fragment profiles were remarkably similar in each patient, and consisted predominantly of species 6 (G1-NITEGE) and a very small and variable amount of G1-VDIPEN together with some band-c-like material. This profile was therefore very similar to that seen with normal synovial fluids taken from individuals of 14-21 years (Figure 2) . Analysis of these fluids with anti-G3, anti-ARGS, anti-KEEE and anti-SELE (Figure 8 ) supported the view that the composition of acute injury fluids was most similar to normal fluids taken from the younger patients in the 14-39 age group (see Figures 4 and  6) . The bands at about 70 kDa in the anti-ARGS, anti-KEEE and anti-SELE blots were consistently seen in blank lanes (results not shown) and therefore appear to be non-specific.
In summary, the data obtained with cartilage and fluids after joint injury suggest that it is accompanied by an acceleration of the normal pathways of aggrecan turnover by ADAMTS activity. Most strikingly, a rapid accumulation of G1-NITEGE was seen in the notch cartilage at 8-11 weeks after injury, and the fluids were G1-NITEGE-rich when taken as early as 2 days and as late as 277 weeks after joint injury.
The aggrecan core species present in human cartilage and synovial fluids at joint-replacement surgery for advanced OA
The aggrecan present in the cartilage and synovial fluid taken from patients at joint-replacement surgery for end-stage OA was also analysed. The tissue profiles with anti-G1 ( Figure 9 , lefthand lanes) were remarkably similar to those obtained with aggrecan from normal cartilage in this age range (see Figure 2) , again consisting of the seven well-recognized core species. Unlike the tissue from acutely injured joints, the late-stage OA tissue had a higher and therefore more ' normal ' content of G1-VDIPEN relative to G1-NITEGE. The G1-positive species in the synovial fluids from this patient group (Figure 9 , right-hand lanes) were similar to those found in the mature normal fluids, again with a ' normal ' content of G1-VDIPEN relative to G1-NITEGE. In contrast, the fluid from these patients exhibited abnormal and variable profiles when analysed with anti-G3, anti-ARGSV, anti-KEEE and anti-SELE (Figure 10 ). Particularly striking was the absence of the ' ladder ' of G3-reactive species 7-10, which is a consistent feature of normal and injury fluids. Instead these Human aggrecan core protein proteolysis in vivo 
Figure 10 Further characterization of the aggrecan fragments in human synovial fluids at joint-replacement surgery
Portions (10 µg of GAG) of the deglycosylated fragments from the fluids shown in Figure 9 were run for Western analysis with anti-G3, anti-ARGS, anti-KEEE and anti-SELE. The age (in years) of donors is shown above each lane, and the species labelling refers to the structures shown in Figure 1 .
samples were highly enriched in the low-molecular-mass G3-positive doublet, designated species g (see Figure 1) . The anti-ARGSV probe showed an unusual triplet of species in the region of species 12 and 13 ; however, there was less evidence for the KEEE-reactive species 4 and 12 but apparently high concentrations of the SELE-positive species 13. In summary, the data obtained with cartilage and fluid from end-stage OA joints has features that distinguish it from both normal and joint-injured patients. Whereas the tissue is more similar to the normal state than to post-injury, the fluid is unlike either of the other groups. Instead it is characterized by evidence of more extensive proteolysis of the CS-bearing fragments by proteinases that do not appear to be active in normal or acutely injured knees.
DISCUSSION
The data presented provide several new and important insights into the pathways of aggrecan proteolysis in human knee joint cartilage in i o. First, analysis of aggrecan from normal, injured and late-stage OA mature cartilages (Figures 2, 3 , 7 and 9) has shown that there are at least 7 major core species in human cartilages and that five of these, which appear to represent more than 50 % of the total core protein present, are not the product of ADAMTS-dependent cleavage at the established ' aggrecanase ' sites. Instead, these species (described as bands a-e in Figure 2 ) have C-termini that can either be generated by MMPs (species e, G1-VDIPEN$%") or which appear to be in regions of the core protein (residues 1200-1300, 653-755 and 374-480) with known MMP-sensitive cleavage sites. For example, species a might have a C-terminal sequence of GVED"#(&, since it is known that MMP-3 treatment of cartilage releases fragments with an N-terminal sequence of ISGL [35] , which would be generated by cleavage at Asp"#(&-Ile"#(' or at other Asp\Glu-Ile bonds in this region of human aggrecan. In the same way, species b might have a C-terminus of CFRG'&', since MMP-1 is known to cleave aggrecan at the Gly'&'-Ile'&( bond (C. R. Flannery and J. D. Sandy, unpublished work). Also, species c and d might have C-termini of FTSED%%" and TVKP$)%, respectively, since these are known MMP-dependent cleavage sites in the interglobular domain [18, 36] . In support of this idea is the finding (Figure 2 ) that MMP-3 digestion of fetal human aggrecan generates products that co-migrate with species a-e. In this regard it is also interesting that the equivalent species are also abundant in extracts of human, bovine and porcine epiphyseal growth cartilage (J. D. Sandy and C. Verscharen, unpublished work), suggesting that they are formed during cartilage growth [29] and may therefore be species that represent the ' so-called ' long-lived pool of tissue aggrecan [4, 27] . Definitive identification of these species will, however, require isolation and sequencing of the natural C-terminal peptides.
Secondly, the only major tissue aggrecan species that is an endproduct of glutamyl endoproteinase (ADAMTS)-dependent cleavage is G1-NITEGE$($. Two other related products (G1-KEEE"("% and G1-SELE"&%&) are present, but only in trace amounts. The accumulation of G1-NITEGE$($, in the virtual absence of G1-KEEE"("% and G1-SELE"&%&, suggests that the G1-NITEGE represents a relatively stable or ' terminal ' product, whereas the other species may be short-lived intermediates in the pathway of proteolysis which leads to the abundant matrix forms represented by species a-d.
Thirdly, in contrast with the cartilage, the normal synovial fluids (Figures 2, 4 and 6 ) are composed primarily of fragments generated by ADAMTS activity. Thus the 3-B-3-positive species (Figure 4) , which almost certainly represent the bulk of the CSbearing fragments, co-migrate with the ADAMTS-generated species 4, 5, 8-10, 12 and 13. This finding is consistent with our earlier conclusion [21, 22] that the quantitatively major aggrecan fragments present in fluids are generated by ' aggrecanase '. The only clear exception to this is the appearance of G1-VDIPEN$%" in normal fluids from older individuals ( Figure 2 ) and in fluids from joint-replacement patients (Figure 9 ). This result is clearly consistent with the finding that small interglobular domain fragments generated by cleavage of the Asn$%"-Phe$%# bond [28, 37] are also present in human fluids. Therefore, our suggestion from cell-culture studies that cleavage at the Asn$%"-Phe$%# bond is always secondary to cleavage at the Glu$($-Ala$(% bond in chondrocyte-mediated aggrecanolysis [38] also appears to pertain to cartilage explants [15] and human cartilage in i o.
Fourthly, analysis of fluids from joint-injured patients ( Figures  7 and 8 ) gave patterns that were very similar to normal fluids in most respects. Therefore the marked increase in the concentration and content of aggrecan fragments following acute knee injury [39] appears to result from an acceleration of the normal ADAMTS-dependent pathway of aggrecan degradation. Indeed the finding that the vast majority of G1-reactive material in injury was represented by the G1-NITEGE fragment is consistent with a post-injury return to the pathway expressed in young individuals ( Figure 2 ). An exception to this rule was that the anti-G3 blot of acute injury fluid (Figure 9 ) showed the expected ladder of fragments 7-10, but little or no evidence for the small doublet, fragment g, seen in most normal fluids ( Figure 6 ).
Fifthly, analysis of fluid taken at joint replacement (Figures 9 and 10) showed some marked differences from normal and acute injury samples, which suggested that in late-stage OA more extensive cleavage of the aggrecan occurs. Thus the pattern of G1-reactive fragments was enriched in the G1-VDIPEN$%" product and the anti-G3 blot showed a relative paucity of the large G3 fragments, 7-10, and a marked abundance of the small fragment g. Analysis with the ARGS, KEEE and SELE antisera also suggested that more extensive proteolysis of the large fragments (12 and 13) had occurred in these joints.
Sixthly, the marked differences in fluid composition between normal (Figures 1 and 4) and late-stage OA (Figures 9 and 10 ) samples were not accompanied by a detectable difference in tissue composition (Figures 2 and 9) . Analysis of three samples of normal aged and end-stage OA cartilage aggrecan showed that the general pattern and relative abundance of high-buoyantdensity species (1, 4, 5, a and b) was very similar in all samples. This suggests that the aggrecan core protein composition of the tissue does not change markedly during progression of the disease, which is in contrast with the situation in human aging where the G1-VDIPEN and G1-NITEGE fragments appear to represent an increasing proportion of the G1-bearing species in the tissue [40] . On the other hand, the tissue composition appears to undergo a marked change following injury, a change that is not evident in end-stage disease ( Figure 7 ). This is seen as a marked increase in the ratio of G1-NITEGE to G1-VDIPEN ; thus, densitometric analysis shows that this ratio is about 2.5 in normal cartilage, but increases to about 12 in the early postinjury period, a change that presumably reflects a period of rapid matrix remodelling that must involve the preferential addition of G1-NITEGE to the matrix as a result of enhanced aggrecanase activity.
Finally, the essentially normal profile of aggrecan core structure in articular cartilage at end-stage OA is in clear contrast with the effect of this disease on the CS composition [41, 42] , which undergoes a marked change in the non-reducing terminal isomer ratio towards an ' adolescent ' phenotype. When taken together, these results suggest that the changes in aggrecan turnover which accompany joint injury, and which are associated with progression to end-stage OA, are most readily explained as an acceleration of the normal ADAMTS-dependent proteolytic pathways. However, these extracellular events occur at the same time as an activation of altered pathways of intracellular CS synthesis (A. H. Plaas, M. E. Adams and J. D. Sandy, unpublished work). It therefore appears that the response of the mature articular chondrocyte to joint injury, which commonly leads to osteoarthritic lesions, involves an activation of both anabolic and catabolic pathways, and that a full understanding of OA and its progressive nature will require elucidation of the cellular mechanisms responsible for both of these changes. 
